Objectives: Fluid resuscitation is the mainstay treatment to reconstitute intravascular volume and maintain endorgan perfusion in patients with severe burns. The use of a hyperosmotic or isoosmotic solution in fluid resuscitation to manage myocardial depression and increased capillary permeability during burn shock has been debated. We conducted a systematic review and meta-analysis to compare the efficacies of hyperosmotic and isoosmotic solutions in restoring hemodynamic stability after burn injuries.
B urn is a traumatic injury to the skin or tissues primarily caused by thermal or other acute exposures including cold, electricity, radiation, and chemicals. Most deaths occurring within 72 hours of injury were mainly caused by burn shock, resulting from an inadequate flow of blood to organs and tissues. 1 Myocardial depression and increased capillary permeability during burn shock result in large fluid shifts and intravascular volume depletion; the movement of sodium ions into cell compartments causes cellular edema and hypoosmolar intravascular fluid volume. 2 Therefore, aggressive fluid resuscitation is used to reconstitute intravascular volume and maintain end-organ perfusion in patients with burns. 3 The chronology of the formulation of resuscitation fluids reveals scientists' understanding on blood osmolarity and the new challenges during the days and now. In 1832, Robert Lewins described the "prototype" resuscitation fluid, an alkalinized salt solution, which was used to treat cholera patients by intravenous administration. 4 The modern resuscitation fluid emerged from the hands of Alexis Hartmann, now known as Ringer's lactate solution (LR), sodium lactate solution, or Hartmann's solution, was modified from a physiologic salt solution developed by Sidney in 1885. 5 Later in 1941, with the advance of fractionation technique, human albumin first became available and was used in large quantity for resuscitation on patients burned during the Pearl Harbor attack. 6 Resuscitation with isotonic crystalloid fluid, 7 e.g., LR, has been traditionally used in patients with burns following the Parkland formula to estimate the amount of replacement fluid required in the first 24 hours of injury (the first half of the fluid is given within 8 hr and the remaining over the next 16 hr), with the efficacy monitored through vital signs and urinary output. 8, 9 However, these endpoints should have been explored in recent studies because noninvasive parameters may be inadequate for detecting malperfusion. Large volumes of resuscitation fluid have been associated with an increased risk of "fluid creep" phenomenon including infectious complications, acute respiratory distress syndrome (ARDS), abdominal compartment syndrome, and mortality. 10 Hypertonic fluid resuscitation appears to be an attractive choice because infusion of a hypertonic sodium solution increases plasma osmolality and limits cellular edema development. 11, 12 Also, intravenous administration of colloid solution, which creates a higher osmotic pressure (named as oncotic pressure or colloid osmotic pressure in chemistry) exerted by proteins, can attract water from cells into the blood vessels. 13 Nevertheless, the use of colloid solutions such as hydroxyethyl starch (HES) to resuscitate patients with burns remains controversial because it may increase the risk of capillary leakage caused by overloading of colloids in interstitial compartments. 14 Many studies have evaluated whether a hypertonic, a hyperoncotic, or an isotonic solution is a better choice for fluid resuscitation in patients with severe burns. However, their results remain unclear. In this study, we performed a systematic literature review and meta-analysis of randomized controlled trials (RCTs) to compare the outcomes of hyperosmotic (hypertonic or hyperoncotic) and isoosmotic fluid resuscitation in patients with severe burns. The analysis based on intravenous osmolarity characteristics of the resuscitation solutions shall offer a view from their physiological ability to retain water in the vessels.
METHODS

Literature Search
Articles published between January 1979 and May 2017 (since Dr. Baxter presented the Parkland formula in 1979) were searched in the PubMed, EMBASE, Scopus, and Cochrane databases. The following MeSH search headings were used: burn, fluid therapy, and albumin OR plasma OR hypertonic lactated saline (HLS) OR hydroxyethyl starch solution OR hypertonic solution OR isotonic solution OR ringer lactate solution OR Hartmann solution. These terms and their combinations were also searched as text words. The "related articles" facility in PubMed was used to broaden the search, and all retrieved abstracts, studies, and citations were reviewed. In addition, we identified other studies by manually searching the reference sections of accessed papers and by contacting known experts in the field. Finally, unpublished studies were sought from the ClinicalTrials.gov registry (http://clinicaltrials.gov/). No language restrictions were applied. This systematic review was accepted by the online PROSPERO international prospective register of systematic reviews of the National Institute for Health Research (CRD42016049758).
Study Selection
We included those RCTs that met the following criteria: RCTs that compared the efficacy and safety of hyperosmotic and isoosmotic fluid resuscitation in patients with burn injury of any etiology; clearly stated the inclusion and exclusion criteria used for patient selection; and adequately described the strategy for fluid resuscitation. We excluded studies that examined patients with <15% burn injury total body surface area (TBSA). This cutoff value was selected because systemic capillary leak starts occurring in burn patients when TBSA is larger than 15%. 15, 16 Among duplicate studies published using overlapping data sets, the study with the larger population was included.
Data Extraction and Quality Assessment
Two reviewers (CCL and KWT) independently extracted the following information from each study: first author, year of publication, study population characteristics, study design, inclusion and exclusion criteria, matching criteria, fluid resuscitation strategy, urine output, creatinine, and complications including all-cause mortality. The retrieved studies were assessed for eligibility by the two reviewers according to the specified inclusion criteria. The individually recorded decisions of the two reviewers were compared, and any disagreements were resolved by a third reviewer (YK).
The quality of studies was assessed using the "risk of bias" method recommended by the Cochrane Collaboration. 17 Several domains were assessed, namely, allocation generation; allocation concealment; blinding of participants, personnel, and outcome assessors; completeness of outcome data; freedom from selective reporting; and freedom from other bias.
Data Synthesis and Analysis
We used the following outcomes to evaluate the efficacy and safety of fluid resuscitation: 1) fluid load, 2) total fluids, 3) urine output, 4) increase in creatinine level, and 5) mortality. Fluid load (mL/kg/%burn), total fluids (mL), and urine output were measured over 24 hours postinjury, and the creatinine level (mg/dL) was measured at 24 hours. Mortality referred to death from any reason.
We conducted the analysis by using the statistical package Review Manager, Version 5 (Cochrane Collaboration, Oxford, England). A meta-analysis was performed according to recommendations in the PRISMA guidelines. 18 When necessary, standard deviations (SDs) were estimated from the provided confidence interval (CI) limits, standard errors, or range values.
We analyzed dichotomous outcomes by using odds ratios (ORs) as the summary statistics. Continuous outcomes were analyzed using the weighted mean difference (WMD). Both types of summary statistics were reported with 95% CIs. A pooled estimate of each OR and WMD was computed using the DerSimonian and Laird random-effect model. 19 This calculation provides an appropriate estimate of the average treatment effect when studies are statistically heterogeneous; it yields relatively wide CIs, resulting in a relatively conservative statistical claim. Heterogeneity among the studies was assessed using the I 2 test and a null hypothesis test, in which p < 0.1 was considered to indicate significant outcome heterogeneity. In addition, subgroup analyses were performed by pooling estimates for similar subsets of patients across trials where available. Figure 1 illustrates the process used for RCT screening and selection. The initial search yielded 643 citations. On the basis of the screening criteria for titles and abstracts, 585 articles were excluded. We reviewed the full text of the remaining 58 articles and excluded 48 articles for the following reasons: five were retrospective or non-RCTs, four included patients with < 15% burn injury TBSA, 20 evaluated the fluid amount in burn shock therapy with no head-to-head comparison on different fluids, 18 addressed other aspects of fluid resuscitation, and one was animal study. Finally, 10 RCTs met the selection criteria. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] Patient characteristics and demographic data of the 10 included trials are listed in Table 1 . The trials were published between 1983 and 2013 and had sample sizes ranging from 12 to 110 participants. All were RCTs reporting burn injury TBSA of >15% during admission. The research patients were predominantly adults, and only Belba et al. 20 included both adults and children in their study. Gunn et al. 26 stratified their research patients according to TBSA (TBSA = 20%-29% and TBSA ≥ 30%); both groups were included in our meta-analysis because they met our selection criterion of burn injury TBSA of >15%. 29 and crystalloids plus HES (crystalloids:6% HES; 130/0.4 = 2:1) with crystalloids plus plasma (crystalloids:plasma = 2:1). 24 In a randomized, controlled, crossover trial conducted by Waxman et al., 28 patients were randomized to receive either LR and then 10% HES or LR and then 5% albumin for treatment. As listed in Table 1 , TBSA and age did not significantly differ between the two treatment groups.
RESULTS
Study Characteristics
The methodologic quality of the included trials is summarized in Table 2 . Cooper et al., 25 Vlachou et al., 23 and O'Mara et al. 29 documented the use of random allocation. B echir et al. 21 and Cooper et al. 25 described the concealment of allocation strategy and results from the participants, and blinding of patients and assessors was described in the studies of B echir et al. 21 and Belba et al. 20 , All except B echir et al. 21 based their analyses on the intention-to-treat principle. All trials had an acceptable (<20%) lost to follow-up rate. Two trials did not report urine output. 27, 28 Other biases that existed in the trials were unclear inclusion criteria and lack of baseline data.
22,24,26-28
Hyperosmotic Versus Isoosmotic Fluid Load at 24 Hours Postinjury. Five trials investigated the fluid load (vol/%TBSA/weight) calculated from the urine output volume after 24 hours of fluid resuscitation. 20, 22, 23, 26, 27 The results of the studies of Bortolani et al. 22 and Vlachou et al. 23 were excluded from the meta-analysis because the standard errors of means or SDs of the fluid load were not reported. A significant decrease in the fluid load was observed in the hyperosmotic group compared with that in the isoosmotic group, with a mean difference of À0.54 (95% CI = À0.92 to À0.17). No heterogeneity was observed across the trials (I 2 = 0%, p = 0.49; Figure 2 ).
Among the trials not included in the meta-analysis, Bortolani et al. 22 reported a significantly lower fluid load in the hyperosmotic group than in the isoosmotic group at 24 hours postinjury (4.1 mL/kg vs. 5.8 mL/ kg, p < 0.01), whereas this finding was not observed in the study of Vlachou et al. 23 (3.8 mL/kg in the hyperosmotic group vs. 4.2 mL/kg in the isoosmotic group, p = 0.274).
Urine Output at 24 Hours Postinjury. Among the six RCTs that investigated the urine output in patients at 24 hours postinjury after fluid resuscitation, [20] [21] [22] [23] 26, 29 four reported the findings in 20, 23, 26, 29 A meta-analysis of these trials did not indicate a significant difference between the hyperosmotic and isoosmotic groups with respect to the hourly urine output (mean difference = 0.05, 95% CI = À0.12 to 0.22). The heterogeneity across the trials was significant (I 2 = 58%, p < 0.05; Figure 3 ). Among the other two trials not included in the meta-analysis, B echir et al. 21 reported the median of the urine output volume at 24 hours without a statistical comparison (1360 mL in the hyperosmotic group vs. 1430 mL in the isoosmotic group). Similarly, Bortolani et al. 22 provided the urine output per hour at 24 hours postinjury in the figure without a statistical comparison (32 mL/h in the hyperosmotic group vs. 38 mL/h in the isoosmotic group).
Creatinine Level at 24 Hours Postinjury. Three trials examined the creatinine level (mg/ dL) at 24 hours postinjury. 21, 23, 26 Our meta-analysis revealed no statistical difference between groups (mean difference = 0.04, 95% CI = À0.10 to 0.17). The heterogeneity across the trials was not significant (I 2 = 47%, p = 0.13; Figure 4 ).
Mortality.
Six RCTs investigated all-cause mortality. [20] [21] [22] [23] 25, 29 Of these, three trials defined mortality as Data are presented as mean AE SD or median (range). A = albumin; FFP = fresh frozen plasma; H = hypertonic; HES = Hydroxyethyl starch; HLS = hypertonic lactate saline; I = isotonic; LR = lactated Ringer's; P = plasma; RCT = randomized control trial; TBSA = total body surface area.
death in hospital, 20, 22, 23 one trial defined mortality as death within 28 days, 25 and one trial defined mortality as death within both 28 or 90 days. 21 All six studies were included in the meta-analysis. All-cause mortality did not significantly differ between the groups (OR = 1.18, 95% CI = 0.60-2.34). In addition, no significant heterogeneity was observed across the trials (I 2 = 0%, p = 0.84; Figure 5 ).
Other Results. Total fluids, length of intensive care unit (ICU) stay, and ARDS are informative indicators for resuscitation; however, we did not conduct a meta-analysis of these indicators for various reasons. Four trials evaluated total fluids after admission in defined periods. 21, 23, 25, 29 Among these, Vlachou et al. 23 and B echir et al. 21 did not report the standard errors of means or SDs of total fluids. Both B echir et al. 21 and Cooper et al. 25 reported no difference between the medians of the 3-day total fluids for the isoosmotic and hyperosmotic groups (21,190 mL vs. 19,535 mL, p = 0.39; and 6,178 mL vs. 3,355 mL, p = 0.42, respectively). 21, 25 Similarly, Vlachou et al. 23 reported no significant difference between the medians of total fluids at 24 hours postinjury for the isoosmotic and hypertonic groups (8,450 mL vs. 8,650 mL, p = 0.98). On the other hand, patients resuscitated with hyperosmotic fluid did receive significantly less volume than the isoosmotic group in O'Mara et al. 29 (mean = 12,300 mL vs. 22,100 mL, p = 0.02).
Regarding the length of ICU stay, B echir et al. 21 reported no significance in the median of the length of ICU stay (28 days in the hypertonic group vs. 24 days in the isoosmotic group, p = 0.80) or length of hospital stay (31 days in the hyperosmotic group vs. 29 days in the isoosmotic group, p = 0.57). Belba et al. 20 reported means of hospital stay and SDs without further comparisons (13.2 AE 3 days in the hyperosmotic group and 12.1 AE 2 days in the isoosmotic group). Similarly, Cooper et al. 25 reported the medians of hospital stay in the hyperosmotic group (14 days) and isoosmotic group (13 days) without comparison. These data could not be pooled for the meta-analysis. B echir et al. 21 reported that the incidence of ARDS during hospitalization did not significantly differ between the isoosmotic and hyperosmotic groups (6 vs. 6 patients, RR = 0.96, p = 0.95). Cooper et al. 25 reported no significant difference between the median durations of mechanical ventilation for isoosmotic and hyperosmotic groups (3 days vs. 8.5 days, p = 0.27). O'Mara et al. 29 indicated a significantly greater 
HES Versus Plasma
Chen et al. 24 compared crystalloids plus HES with crystalloids plus plasma. The colloid fluid volumes at 24 hours postinjury were 1529 AE 328 mL in the HES group and 1598 AE 452 mL in the plasma group (p > 0.05), whereas the urine output was 0.98 AE 0.09 mL/kg/h in the HES group and 0.95 AE 0.14 mL/kg/ h in the plasma group (p > 0.05).
HES Versus Albumin
Waxman et al. 28 conducted a crossover trial and compared the urine output in patients who received either LR and then 10% HES for 1 hour or LR and then 5% albumin for 1 hour. No difference was observed in the urine output rate between the two groups in that hour (p > 0.05). 
DISCUSSION
Our meta-analysis revealed that compared with resuscitation with an isoosmotic solution, resuscitation with a hyperosmotic solution significantly reduced the fluid load in patients with severe burns. No differences were observed in the total fluids, urine output, creatinine level, and mortality between the hyperosmotic and isoosmotic groups. Lack of difference in urine output is not unexpected because the amount of fluid administration is adjusted to keep optimal range of urine output.
Burns are clinically classified according to TBSA and burn depth 30, 31 because both are related to survival, treatment strategy, treatment responses, and patient complications. 32 According to the Parkland formula, a larger TBSA indicates the requirement of a higher fluid load. However, in one of our included trials, the mean fluid load 24 hours postinjury was significantly lower after the use of hyperosmotic colloid resuscitation than after the use of isoosmotic crystalloid resuscitation in adult patients with severe burns. 27 Previous studies have reported that patients with deep burn injuries required a higher fluid load than did patients with superficial injuries according to the Parkland formula. 33, 34 Both deep burn injuries and burn depth progression require a carefully designed and efficient resuscitation strategy, possibly with a hyperosmotic solution, to compromise the base deficit of tissues beneath or adjacent to burns.
The hyperosmotic resuscitation strategy may have a considerable effect on pediatric burn. In the study of Belba et al., 20 80% of the research patients were children. Although not significant, patients resuscitated with a hyperosmotic colloid solution exhibited a trend of lower fluid load than that in those resuscitated with an isoosmotic solution (mean difference = -0.44, 95% CI = À0.10 to 0.12; Figure 2 ). More studies should be conducted before a strong recommendation of the use of hypertonic solution in children with burns can be made.
Burned patients with inhalation injury may require different fluid management as they are prone to pulmonary edema and ARDS. In our included trials, four clearly reported the number of burned patients with inhalation injury. 20, 25, 26, 29 Patients with inhalation injury were equally distributed between the hyperosmotic and isoosmotic groups. Moreover, the majority of enrolled patients were inhalation injury in O'Mara et al. 29 (68%) and Cooper et al. (55%). 25 Therefore, resuscitation with hyperosmotic colloid solutions may also benefit burned patients with inhalation injury.
The studies included in our analysis displayed considerable heterogeneity because of various clinical factors. First, the formulations of the experimental fluids were not the same across trials. This makes simple and straight forward comparison impossible. For this reason, we compared the studies according to the definition of osmolarity instead of tonicity. Second, variety in burn severity among the patients may also contribute to different outcomes. Finally, outcomes were measured at different time points. Such diversities among studies resulted in heterogeneity.
LIMITATIONS
Our study has few limitations. First, some trials recruited only relatively small number of patients and thus barely warrant a strong implication. Second, TBSA of the patients in the included trials ranged from 15% to >40%. Thus, whether the results of this meta-analysis are applicable to patients with severe burns (TSBA > 50%) remains unclear because the number of these patients was low in the included trials. Third, children represented only 18.6% of the total sample. Because the physiology of children differs from that of adults, our meta-analysis results should be interpreted with caution. Finally, another weakness that should be taken into account when interpreting our findings is the unclear blinding and randomization procedures in many of the included trials.
CONCLUSION
Our meta-analysis indicated that compared with isoosmotic solutions, hyperosmotic solutions significantly reduced the fluid load in the first 24 hours postinjury. Our results revealed that resuscitation with hyperosmotic solutions may be a better choice in patients with burns following the Parkland formula. However, further investigation with larger sample sizes and stringent designs focused on different types of hyperosmotic solutions is recommended
